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Background: The US Environmental Protection Agency voluntary phased-out residential use of chlor-
pyrifos in 2001. In contrast, in Costa Rica, chlorpyrifos-treated bags are increasingly used to protect
banana and plantain fruits from insects and to fulﬁll product standards, even in populated areas.
Objectives: To evaluate children’s exposure to chlorpyrifos in villages situated nearby banana planta-
tions and plantain farms in Costa Rica.
Methods: The study targeted two villages with use of chlorpyrifos-treated bags in nearby banana
plantations and plantain farms and one village with mainly organic production. For 140 children from
these villages, mostly indigenous Nga¨be and Bribri, parent-interviews and urine samples (n¼207) were
obtained. Urinary 3,5,6-trichloro-2-pyridinol (TCPy) levels were measured as a biomarker for chlor-
pyrifos exposure. In the banana and plantain village also environmental contamination to chlorpyrifos
was explored.
Results: Children from the banana and plantain villages had statistically signiﬁcant higher urinary TCPy
concentrations than children from the referent village; 2.6 and 2.2 versus 1.3 mg/g creatinine,
respectively. Chlorpyrifos was detected in 30% of the environmental samples as well as in 92% of the
hand/foot wash samples. For more than half of the children their estimated intake exceeded the US EPA
chronic population adjusted dose. For some, the acute population adjusted dose and the chronic
reference dose were also exceeded.
Conclusions: Our results suggest that children living nearby plantations with chlorpyrifos-treated bags
are exposed to chlorpyrifos levels that may affect their health. Interventions to reduce chlorpyrifos
exposure are likely to improve children’s health and environment in banana and plantain growing
regions.
Crown Copyright & 2012 Published by Elsevier Inc. Open access under CC BY-NC-ND license.sevier Inc.
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Pesticides constitute one of the most pressing environmental
health problems in many tropical countries. In Costa Rica,
pesticide use is very high (Bravo et al., 2011), especially on
bananas grown for export purposes with more than 40 kg active
ingredients of pesticides applied per hectare per year (Wesseling
et al., 2001; Ramı´rez et al., 2009). Pesticides are increasingly used
by indigenous plantain farmers in the Talamanca region (Polidoro
et al., 2008, Barraza et al., 2011). To protect the fruits from insects
and fulﬁll product standards, banana or plantain bunches are
generally covered with a plastic bag treated with chlorpyrifos
(O,O-diethyl O-3,5,6-trichloro-2-pyridyl phosphorothioate) at a
1% concentration.C-ND license.
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with widespread agricultural and residential use since 1965, with
moderate acute toxicity (WHO-IPCS, 2005). Due to concern about
neurodevelopmental effects, the U.S. Environmental Protection
Agency (EPA) voluntary phased-out residential use of chlorpyrifos
in 2001 (US EPA, 2002). Chlorpyrifos is a neurotoxinant which
inhibits plasma and red blood cell (RBC) acetylcholinesterase
(McCollister et al., 1974; Coulston et al., 1972; Kisciki et al.,
1999; Nolan et al., 1984). Recent studies suggest there are other
neurotoxicological mechanisms in addition to cholinesterase
inhibition at lower doses (Eaton et al., 2008; Nomura et al.,
2006; Schuh et al., 2002; Rush et al., 2010; Slotkin et al., 2010;
Seidler and Slotkin, 2011). In addition, three US children’s cohort
studies have reported neurodevelopmental deﬁcits, including
decreased full-scale IQ and working memory up to the age of
7 years in relation to prenatal exposures to organophosphates in
general (Eskenazi et al., 2007; Engel et al., 2007; Rosas and
Eskenazi, 2008; Bouchard et al., 2011) and chlorpyrifos in parti-
cular (Berkowitz et al., 2004; Rauh et al., 2006; Lovasi et al., 2011;
Rauh et al., 2011).
Chlorpyrifos is metabolized to the speciﬁc metabolite 3,5,6-
trichloro-2-pyridinol (TCPy), which after oral exposure is mainly
(70%) excreted in the urine, with a half-life in adults of 27 h
(Nolan et al., 1984). After dermal exposure, only 3–4% is excreted
in urine (Meuling et al., 2005). TCPy has frequently been used as a
speciﬁc biomarker in urine for chlorpyrifos exposure (Barr et al.,
2005). Results from two studies conducted in the US, showed
increased urinary TCPy levels for children whose parents’
reported chlorpyrifos applications in their garden (Fenske et al.,
2000) or whose father had applied chlorpyrifos at work prior to
urine sampling (Curwin et al., 2007). Curwin et al. (2007) also
found an association between chlorpyrifos indoor dust levels and
farmer children’s TCPy urinary levels, whereas Fenske et al.
(2000) did not. Two studies performed in Nicaragua, showed an
approximately eightfold increase in children’s urinary TCPy levels
after paternal chlorpyrifos application (Rodrı´guez et al., 2006,
2011). Researchers also detected TCPy in 79% of the repeat urine
samples from children (n¼10) of diazinon applicators on large-
scale banana plantations, likely, due to contact with chlorpyri-
fos-treated bags on banana plantations.
In almost all studies on children’s chlorpyrifos exposure, the
pathway of exposure to chlorpyrifos was either as a sprayed
liquid formulation in farm or residential areas or as residues in
food (Eaton et al., 2008). To our knowledge, none of the studies
speciﬁcally addressed children’s exposures from chlorpyrifos-
treated plastic bags used in agriculture. The main aims of this
study were to (1) evaluate and compare the levels of urinary TCPy
from children living near banana plantations and plantain farms,
two of which used chlorpyrifos-treated bags; (2) determine whether
children’s estimated doses exceed US government recommended
guidelines, (3) examine factors explaining children’s urinary TCPy
concentrations; and (4) explore environmental contamination of
chlorpyrifos.2. Materials and methods
2.1. General context
The data of this cross-sectional study were collected between February and
August 2007, as part of a larger project on neurobehavioral effects of pesticide
exposure in children in three villages situated in the Caribbean lowlands of
Talamanca, Limo´n, Costa Rica. This larger project used an ecosystem approach to
human health (Forget and Lebel, 2006; Webb et al., 2010), examining social
(Barraza et al., 2011) and environmental determinants in relation to human
health. The ecosystem health approach draws on local knowledge and community
participation to bring about collective and individual changes to improve health
and well-being (Mertens et al., 2005). Accordingly, during initial ﬁeldtrips to theTalamanca area of Costa Rica, representatives from local community, govern-
mental and non-governmental organizations were identiﬁed and their active
collaboration was sought (Barraza et al., 2011). With their help, three villages
were selected based on children’s potential exposure to pesticides used in banana
plantations and plantain farms. The project was approved by the Bio-ethics
Committee of the Universidad Nacional in Costa Rica (CECUNA-03-2007).
2.2. Study population
2.2.1. Banana village
The village, Daytonia, situated outside the Bribri Indigenous Territory, was
inhabited almost exclusively by indigenous Nga¨be migrants from Panama and
surrounded by two large-scale banana plantations with intensive chemical
pesticide use. The distance between the houses and the banana plantations ranged
from 15 to 80 m. The school and soccer-ﬁeld, where local children usually played,
were in close proximity to the plantations, without any physical barrier. The
bananas were exported to the US and Europe.
2.2.2. Plantain village
The village, Shiroles, situated in the Bribri Indigenous Territory, consisted of
indigenous Bribri plantain smallholders who produced part of their production for
export to US and Europe. They used a similar application scheme of chemical
pesticides as in large-scale banana farming, including chlorpyrifos-treated bags.
The smallholders’ plantations were located at a distance of 2 km from the village.
Only a few families lived close to the plantations.
2.2.3. Organic village
The population of the third village, Amubre¨, situated in the Bribri Indigenous
Territory, consisted of mainly Bribri organic banana and plantain farmers. Only
12% of the farmers reported pesticide use (Table 1), including chlorpyrifos-
treated bags.
The target population included all children aged 6–9 years from all three
villages. In each village a meeting was organized at the primary school to explain
the purpose of the study and to ask for their collaboration. The parents who did
not attend the school meeting, about 40% in each village, were visited at their
homes. Of these, 26 (12%) could not be located and 4 (2%) refused to participate. In
total, parents’ informed-consent was obtained for 188 out of 218 children, an
overall 86% response rate that was similar for the three villages. Of the 188
participating children, 165 (88%) provided a urine sample, and for 140 (74%) a
parent-interview was administered during home visits as 25 parents could not be
located during the interviewing period. Thus, complete data were available for 140
children, which is equivalent to 64% of the target population of 218 children.
2.3. Use of chlorpyrifos at banana and plantain plantations
A structured questionnaire on pesticide use was administered to plantain
smallholders, who reported placing chlorpyrifos-treated bags over the plantain
bunches each week. Information on pesticide use at large-scale banana plantations
was obtained from a previous study in which the continuous and permanent use
of chlorpyrifos-treated bags was reported (Bravo et al., 2007), assuming a similar
use at the banana plantations in this study.
2.4. Parent interviews
Structured interviews were administered to the parents to collect information
on exposure-related factors, medical history and socio-economic aspects. Also,
information on pesticide use at home was obtained.
2.5. Urine sampling analysis
First morning urine voids were obtained from 140 children. In addition, we
obtained repeat samples from 40 children (between 2 and 10 samples), resulting
in 207 samples in total (see Table 2).
Samples were stored in a fridge at 4 1C and frozen at 20 1C at the end of the
day. The samples were stored at 20 1C until transported to the Department of
Laboratory Medicine at Lund University Hospital, Sweden. TCPy was analyzed
using liquid chromatography tandem mass spectrometry (LC/MS/MS). The sample
preparation of the urine was performed using a modiﬁcation of the method by
Lindh et al. (2008). Brieﬂy, 1 mL of urine was acidiﬁed and hydrolyzed overnight,
then extracted using SPE columns prior to analysis. TCPy was analyzed using mass
spectrometric parameters according to Olsson et al. (2004), however [2H3]-2,4-
dichlorophenoxyacetic acid was used as an internal standard. All samples were
analyzed in duplicates with a coefﬁcient of variance of 10%. For each duplicate, its
mean value was used in further calculations. The limit of detection (LOD) for TCPy
in urine was 1.0 mg/L. The creatinine levels were analyzed using an enzymatic
method described by Mazzachi et al. (2000) in order to adjust for urine dilution.
Table 1
Distribution of socio-demographic characteristics in a banana, plantain and organic village in Talamanca, Costa Rica..
Banana Plantain Organic
Number of children 38 48 54
% Girls 55 42 58
Average age in years (SD) 8.170.8 7.770.8a 8.070.9
% Children assisting
First grade 45 54 35
Second grade 42 25 39
Third grade 13 21 26
% Children lived in this village since birth 61b 90 92
Language spoken at home (%)
Spanish only 47 90c 39
Spanish and Bribri 0% 10% 61%
Spanish and Nga¨be 53% 0% 0%
Parents living together (%) 90%d 60% 71%
One or both parents own a piece of land (%)
Plantain 0 95 8
Plantain and banana 0 5 43
Several crops 0 0 49
Mother’s occupation (%)
Farmer 0 44 62
Farm worker 16 4 2
Housewife 78e 23 10
Other 6 29 26
Fathers occupation (%)
Farmer 0 97 88
Plantation or farm worker 100 3 0
Other 0 0 12
Mothers’ age, average in years (SD) 32.0 (5.2) 32.7 (7.6) 32.0 (7.5)
Fathers’ age, average in years (SD) 36.0 (5.8) 38.4 (10.2) 35.7 (7.0)
Mother’s education, average in years (SD) 3.8 (3.8)f 6.3 (2.6) 6.7 (3.7)
Father’s education, average in years (SD) 3.9 (3.6)g 5.6 (3.4) 6.5 (4.6)
Pesticide use at farm, including chlorpyrifos treated bags (%) 100h 97i 12i
a Lower than banana village (Tukey–Kramer HSD, p¼0.09).
b Less than plantain and organic village (Chi-Square po0.0001).
c More frequent than banana and organic village (Chi-Square po0.0001).
d More frequent than plantain and organic village (Chi-Square p¼0.002).
e More frequent than plantain and organic village (Chi-Square p¼0.004).
f Lower than plantain (Tukey–Kramer HSD p¼0.0012) and organic village (Tukey–Kramer HSD po0.0001).
g Lower than organic village (Tukey–Kramer HSD p¼0.007).
h Observed by the authors.
i Reported by the parents
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For each child, the absorbed daily dose (ADD) (mg/kg/day) was estimated using
a ﬁrst order kinetic model at assumed steady state (adapted from Curwin et al.,
2007): ADD¼((CRmw PcreCF)/BW) (ln 2/t½) t, where C is the measured
concentration of TCPy (mg/g creatinine); Rmw is the molar adjustment factor
(¼1.77) between chlorpyrifos and TCPy: the ratio of parent pesticide and pesticide
metabolite molecular weights; Pcre is the daily mean creatinine excretion of
0.624 g/day, as calculated from nocturnal urine collections in children by Fortin
et al. (2008); CF is a correction factor used to account for incomplete excretion of
TCPy in urine after oral chlorpyrifos exposure: an excretion rate of 70% was used
(Nolan et al., 1984); BW is body weight (kg); t1/2 is the half-life of 27 h (Nolan
et al., 1984); and t is the assumed dosing interval of 24 h.
To evaluate whether children’s ADD formed a health risk, children’s ADD
values were compared with the US EPA (2002) reference dose (RfD). The RfD is an
estimate (with uncertainty spanning perhaps an order of magnitude) of a daily
exposure to the human population (including sensitive subgroups) that is likely to
be without an appreciable risk of deleterious effects during a lifetime, generally
expressed in units of milligrams per kilogram of bodyweight per day (mg/kg/day)
(www.epa.gov/iris/rfd.htm). For chlorpyrifos, RfDs for acute and chronic exposure
are 5 and 0.3 mg/kg/day, respectively. ADD values were also compared with US
EPA’s population adjusted dose for infants, children and females aged 13–50 years.
To account for increased susceptibility and sensitivity to chlorpyrifos among
neonates when compared with adults and for possible effects of chlorpyrifos onbrain development, acute (aPAD) and chronic population adjusted dose (cPAD) are
a ten-fold lower than the RfD, 0.5 and 0.03 mg/kg/day, respectively (US EPA, 2002).
2.7. Environmental sampling and analyses
To explore the presence of chlorpyrifos in environmental media in the banana
and plantain village, where chlorpyrifos-treated bags were extensively used, the
following samples were collected: hand and foot wash, mattress dust, house dust,
soil, and water. In the banana village, passive and active air samples were also
obtained. All of the personal samples were obtained from six, randomly selected,
boys (n¼3) and girls (n¼3) in both the banana and plantain village. Due to
logistical problems, environmental and personal samples were not taken in the
organic village.3. Sample collection procedures
3.1. Hand and foot wash samples
Hand and foot wash samples were collected, using a procedure
adapted from Brouwer et al. (1992, 2000). Children were asked to
wash their hands for 30 s in a zip-lock bag with 200 mL of a
Table 2
Distribution of children’s urinary TCPy concentrations with median Absorbed Daily Dose (ADD) estimates for a banana, plantain and organic village in Talamanca,
Costa Rica.
Urine concentrations Na Kb 4
LODc
S2B
d S2W
e Mean
(SD)
GM Percentiles Median (90th percentile) ADD in lg/kg/dayf 50th and 90th
percentiles
25th 50th 75th 90th Max
Banana 78 38 77%
Unadjusted (mg/L) 1.0 1.8 2.1 (1.4) 1.6g 0.5 1.7 2.9 4.3 6.6 P50th¼0.10
Creatinine adjusted
(mg/g)
1.2 1.1 3.0 (1.9) 2.6h 1.4 2.5 3.3 4.9 11.2 P90th¼(0.20)
Plantain 73 48 66%
Unadjusted (mg/L) 1.6 2.4 3.8 (4.8) 2.0g 0.5 2.9 5.3 7.8 26.8 P50th¼0.10
Creatinine adjusted
(mg/g)
1.7 1.9 4.0 (5.2) 2.hf 1.0 2.1 5.1 9.2 30.7 (P90th¼0.46)
Organic 56 54 30%
Unadjusted (mg/L) –i –i 1.1 (1.1) 0.8g 0.5 0.5 1.4 2.6 6.4 P50th¼0.05
Creatinine adjusted
(mg/g)
1.0 1.7 1.8 (1.7) 1.3h 0.7 1.2 2.1 3.6 8.4 (P90th¼0.14)
a Total number of samples.
b Number of children.
c Percentage of samples above Limit of Detection (LOD).
d Estimated variance component between children.
e Estimated variance component within children.
f Mean creatinine excretion rates calculated from nocturnal urine collections in children (Fortin et al., 2008) were used to estimate the amount of creatinine excreted
per day (g/day). For chlorpyrifos, US EPA RfDs for acute and chronic exposure are 5 and 0.3 mg/kg/day, respectively, whereas acute (aPAD) and chronic population adjusted
dose (cPAD) are 0.5 and 0.03 mg/kg/day, respectively.
g Geometric mean of children’s urinary TCPy concentrations (mg/L) was highest for the plantain village, followed by the banana and the organic village (Tukey–Kramer
po0.04 for the three comparisons).
h Geometric mean of children’s urinary TCPy concentrations (mg/g creatinine) were similar for the plantain and banana villages, and lowest for the organic village
(Tukey–Kramer po0.001 for both comparisons comparisons).
i Could not be estimated.
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washed each foot for 15 s in a zip-lock bag with isopropanol/
water, using one of their just cleaned hands.
3.2. Mattress dust
Two dust samples were collected from each child’s mattress,
according to a slightly adapted procedure as described by Jarvis
et al. (2007). Of each mattress, two areas of approximately 1 m2
were vacuumed during 4 min each.
3.3. House dust
Inside each child’s house two surface wipe samples were taken
of window and doorposts, according to the NIOSH procedure 9100
‘Lead in Surface Wipe Samples’ using sterile cotton gauzes
(Cutisoft CurityTM, 1010 cm2, 12 layers, BSN Medical, Germany.
Gauzes were used dry. The wiped areas ranged from 42 to
1254 cm2 (median 338 cm2).
3.4. Soil
In total, four top soil samples were obtained from two playing
areas in both the banana village and the plantain village with a
gouge arable land auger (13 cm diameter, Eijkelkamp, Netherlands)
to a depth of approximately 20 cm, by taking 30 samples distributed
over the playing area and mixed in the ﬁeld to a sample of
approximately 1 kg.
3.5. Water
Seven drinking water samples at children’s houses/school
were collected for pesticide residue analysis in pre-cleaned 1 L
glass bottles. Finally, six surface water samples were collected in
streams or creeks nearby the villages.3.6. Active air
In the banana village, a high volume air sampler (HiVol) with a
ﬂow of approximately 600 L/min and containing a pre-combusted
glass-ﬁber ﬁlter, polyurethane foam (PUF) disks and XAD-resin
ﬁlled mesh cylinders, was placed for 24 h at the public primary
school using the same procedure as described by Gouin et al.
(2008). The particle phase was collected with the pre-combusted
glass-ﬁber ﬁlter (GFF, Whatman, 11 cm diameter) and the gas
phase with the XAD-2 resin (Supelco, Supelpak-2, precleaned
Amberlite XAD-2 resin, 20/60 mesh) sandwiched between two
PUF plugs (Supelco, precleaned large PUF plug, 63.8 cm2).3.7. Passive air
In the banana village, two passive air samplers (PUF disk
PAS (PUF-PAS) as described by Shoeib and Harner (2002) were
attached outside the school and a nearby house during 86 day at
2.5 m’ height.
All samples were transported at 4 1C and stored at 20 1C
until analysis.4. Chemical analysis of environmental samples
The hand and foot wash samples were extracted twice with
petroleum-ether, after adding of sodium chloride, the solvent
extracts were dried with sodium sulphate and concentrated by a
rotavapor and ﬁnally under nitrogen to 0.1 mL. LOD was 1.0 ng/
both hands or both feet.
Dust (LOD¼0.05 mg/g dust), wipe, soil (LOD¼1 ng/g dry
weight) and low ﬂow air samples (LOD¼0.1 ng/m3) were micro-
wave-extracted in two steps in acetone/hexane 1:1 (V/V) mixture
(Mars 5 CEM Corporation Matthews, NC). The passive and
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(1:1) using an ultrasonic bath for 20 min.
The drinking and surface water samples (LOD¼0.01 mg/L)
were extracted with SPE cartridges (Isolute ENVþ200 mg/6 mL)
conditioned with ethyl acetate, water, and methanol. The cartridges
were eluted with ethyl acetate and concentrated to approximately
0.1 mL with nitrogen gas. Details of the applied procedure are
described in Polidoro et al. (2009).
After extraction, all samples were concentrated to 0.1 mL
under nitrogen, and ﬁnally were dissolved in acetone-cyclohexane
(1:9) to achieve a ﬁnal extract volume of 1 mL.
We performed analytical determination of the chlorpyrifos using
gas chromatography (GC) with electron capture detector (ECD),
ﬂame photometer detector (FPD) and mass spectrometry (MS).
Ethion was used as an internal standard. For all samples,
media recovery tests were performed. Chlorpyrifos recovery was
above 70% for all media. Results were not corrected for recovery.
Air concentrations of chlorpyrifos captured with the PAS-PUF
samplers were estimated with the mean uptake rate of 5.9 m3/d
determined in the Gouin et al. (2008) study elaborated in Costa Rica.
4.1. Statistical data analyses
Data were analyzed in JMP 8 (SAS Institute, Cary, NC).
To compare socio-demographic characteristics between villages,
Chi-Square Test was used for categorical measures and Tukey–
Kramer (HSD) Test was used for continuous measures.
Urine samples with TCPy levels below limit of detection (LOD)
were set at LOD/2 (Hornung and Reed, 1990) at 0.5 mg/L. Descrip-
tive statistics were run for urinary levels. Log-transformed TCPy
levels followed approximately a normal distribution. As log-trans-
formed creatinine-adjusted values (mg/g creatinine) ﬁtted better
(Shapiro-Wilk¼0.99; p¼0.04) than crude values (mg/L) (Shapiro-
Wilk 0.87; po0.0001), creatinine-adjusted values were used in
subsequent data analysis Tukey–Kramer (HSD) Test was used to
test whether urinary TCPy levels differed among the villages. To
estimate variance components between ðS2BÞ and within children
ðS2W Þ mixed linear regression models were applied, using the
method of restricted maximum likelihood (REML) and a compound
symmetric variance matrix (van Wendel de Joode et al., 2005).
To identify exposure affecting factors, univariate regression
analysis (Standard Least Squares) were run with log10-trans-
formed TCPy metabolite levels in urine as dependent variable and
individual covariates, such as village, sex, and grade, as indepen-
dent variable (Table 3). For children with repeated measurements,
the geometric mean (GM) of their repeated measures was
calculated and used in the regression analysis. Independent
variables were included in the multivariate model if its P-value
was r0.10 in the univariate analysis, or if adding the variable to
the multivariate model changed the beta by more than 20%. The
variables were retained in the model if their P-value was r0.20
(Table 3). To ensure that covariates were not highly correlated,
Spearman’s correlation coefﬁcients were estimated before adding
factors to the model. We also veriﬁed whether the ﬁxed effects
included in the models showed interaction. Residuals of the
regression models were tested for normality and outliers. For all
statistical tests, the signiﬁcance level was set at 5%.1 During interviewing, parents indicated they consumed non-bagged plantain.5. Results
5.1. Socio-demographic characteristics
Table 1 contains the socio-demographic characteristics for the
three villages. Although there were relatively fewer girls in the
plantain village, the proportions were not signiﬁcantly differentbetween villages (Chi-Square, P¼0.17). Children’s mean age was
slightly lower in the plantain village as compared to the banana
and organic villages (Tukey–Kramer HSD p¼0.09 and p¼0.15,
respectively). Most parents in the plantain and organic villages
reported their child had lived in this vilage since birth (90% and
92% respectively), compared to 61% in the banana village (Chi-
Square, po0.0001). In the banana and organic village, many
families reported speaking their indigenous language at home,
53% and 61%, respectively, whereas in the plantain village, it was
only 10% (Chi-Square po0.0001). In the plantain and organic
village, more children had divorced or separated parents than in
the banana village (Chi-Square, P¼0.002). Dietary habits were
similar for the three villages. Diets consisted of rice, black beans,
eggs, corn tortillas and sometimes chicken, ﬁsh and organic
plantain.1 In the banana village mothers were more often house-
wives than in the plantain and organic village, where most
mothers were farmers. Fathers in the banana village were mostly
plantation workers whereas in the plantain and organic village
mostly farmers. Mothers’ and fathers’ age was similar for the
three villages. Mothers’ educational level was lower in the banana
village as compared to the plantain and organic village (Tukey–
Kramer pr0.001 and pr0.0001, respectively). Fathers’ educa-
tional level was also lower in the banana village as compared to
the organic village (Tukey–Kramer HSD p¼0.007). Mother’s and
father’s educational level were moderately correlated (Spearman’s
r¼0.56, po0.0001). None of the parents reported applying chlor-
pyrifos at home.5.2. Children’s urinary TCPy concentrations
Descriptive data on urine samples and distribution of meta-
bolite concentrations in the three villages are presented in
Table 2.
Geometric Mean (GM) creatinine-adjusted TCPy concentra-
tions were similar for children from the plantain and banana
village, 2.2 and 2.6 mg/g creatinine, respectively; about twice the
GM of children from the organic village (1.3 mg/g creatinine)
(Tukey–Kramer HSD po0.001 for both comparisons).
For children with repeat samples, TCPy creatinine adjusted
concentrations were similar when comparing different months,
overall and when comparing children for each village separately
(Tukey Kramer HSD p40.15 for all comparisons) (results not
tabulated).
TCPy metabolite concentrations in urine adjusted for creatinine
varied more for children from the plantain village as compared to
the banana village: plantain village S2B ¼ 1:7, S2W ¼ 1:9 and banana
village: S2B ¼ 1:2, S2W ¼ 1:1. Within the plantain and banana villages,
variability in TCPy concentrations between children was similar as
variability within children (between days). For children from the
organic village, estimated variability between children ðS2B ¼ 1:0Þ
was smaller than within children ðS2W ¼ 1:7Þ. However, in this
village repeated samples were only obtained for two children.
Overall, mean urinary TCPy concentrations (mgTCPy/g creatinine)
were higher in boys than girls (GM¼2.4 versus 1.8 mg/g creatinine,
p¼0.02). However, this was driven by differences in TCPy con-
centrations between boys and girls from the plantain village
(GM¼3.1 versus 1.5 mg/g creatinine, p¼0.002); in the other two
villages TCPy urinary levels were similar for both sexes (see also
Annex A: Fig. A1a–c). On the other hand, 90th-percentiles TCPy
urinary concentrations (mgTCPy/g creatinine) were similar for
boys and girls from the plantain village: boys¼9.7 and girls¼
8.6 mg TCPy/g creatinine, respectively.
Table 3
Univariate and multiple regression analyses of factors that may explain children’s TCPy concentrations in urine (n¼140).a Regression models were run with log10(mgTCPy/
creatinine) as dependent variable and the different factors as independent variable. Values of ‘inversed’ log-10 estimates are presented.
Univariate Multivariate
Factor Estimated least square
mean (se)b
Factor Estimated least square
mean (se)b
Village Village
Banana 3.0 (1.1)nnn Banana 3.1 (1.2)nnn
Plantain 2.2 (1.1) Plantain 2.5 (1.1)
Organic 1.3 (1.1) Organic 1.7 (1.1)
Sex Sex
Boys 2.2 (1.1)# Boys 2.6 (1.1)
Girls 1.7 (1.1) Girls 2.2 (1.1)
Grade Village sex
First 2.3 (1.1)# Boys-Banana 3.0 (1.2)n
Second 1.8 (1.1) Boys-Plantain 3.5 (1.2)
Third 1.6 (1.2) Boys-Organic 1.6 (1.2)
Girls-Banana 3.3 (1.2)
Girls-Plantain 1.7 (1.2)
Girls-Organic 1.8 (1.2)
Child has lived in village Graden
Since birth 1.8 (1.1)n First 2.4 (1.1)
1–5 years 2.8 (1.2) Second 1.8 (1.1)
Language at home Third 1.6 (1.1)
Only Spanish 2.0 (1.1)
Spanish and indigenous 1.9 (1.1)
Parents
Live together 1.9 (1.1)
Separated/divorced 2.0 (1.1)
Intercept (se) Beta of factor (se) Intercept (se) Beta of factor (se)
Child’s age (years) 3.6 (1.9) 0.9 (1.1) Mother’s education (years) 3.2 (1.2) 0.95 (1.02)nnc
Mother’s age (years) 1.5 (1.4) 1.0 (1.0)
Mother’s education (years) 2.9 (1.1) 0.93 (1.02)nnn
Father’s age (years) 2.3 (1.6) 1.0 (1.0)
Fathers education (years) 2.6 (1.1) 0.95 (1.02)
# po0.10.
n po0.05.
nn po0.01.
nnn po0.001 Tukey–Kramer (HSD) Test.
a Regression models were run with log 10 (mgTCPy/creatinine) as dependent variable and the different factors as independent variable. Values of ‘inversed’ log-10
estimates are presented.
b se¼standard error.
c A factor of 0.95, means a 5% decrease in TCPy concentrations in urine per mother’s education year. For example, for the overall median TCPy concentration of 2.1 mg/g
creatinine this means a decrease of 0.1 mg/g creatinine TCPy per education year (2.10.95¼2.0, a 0.1 decrease).
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For children from the banana, plantain and organic village,
respectively, the median estimated absorbed daily doses (ADD)
were 0.10 (90th percentile at 0.20), 0.10 (90th percentile at 0.46)
and 0.05 (90th percentile at 0.14) mg/kg/day (Table 2). Assuming
urinary TCPy *concentrations reﬂected chlorpyrifos exposure
only, the estimated ADD exceeded the chronic RfD of 0.3 mg/kg/
day, established by the US EPA, in 6% (banana village), 19%
(plantain village) and 2% (organic village) of the samples, whereas
the acute RfD was not exceeded. Using an alternative and
more conservative approach by subtracting the estimated ADD
(geometric mean) in the organic village from the TCPy levels
measured in the banana and plantain village, the estimated ADD
still exceeded the chronic RfD in 2% and 13% of the samples from
the banana and plantain village, respectively.
If we compare the ADD with the cPAD, which includes an extra
safety factor of 10 to ensure safety for children, 97%, 82% and 68%
of the samples exceeded cPAD, in the banana, plantain and
organic villages, respectively. After subtracting the geometric
mean level of TCPy measured in children from the organic village,
still 67% and 55% of the children exceeded the cPAD in the banana
and plantain villages, respectively.In addition, in the plantain village, the estimated ADD exceeded
aPAD in 4% of the samples, whereas in the banana and organic
village the estimated ADD did not exceed aPAD.
5.4. Factors explaining children’s urinary TCPy concentrations
In Table 3 results of univariate and multivariate analysis are
presented. Values of ‘inversed’ log-10 estimates are shown. The
variables village, sex, sex village, grade, and mother’s education
were associated with TCPy concentrations and explained 29% of
total variance.
5.5. Environmental exposure
In Table 4, results of environmental samples are presented for
the banana and plantain village. Chlorpyrifos was detected in all
hand and foot wash samples except from one child of plantain
village. Hand- and foot wash chlorpyrifos concentrations were
moderately correlated (Spearman’s r¼0.76 (p¼0.005)). Girls
(n¼6) seemed to have lower levels than boys (n¼6) in particular
for foot wash samples, but differences were not statistically
signiﬁcant, possibly due to small sample size: for hands,
GM¼10 versus 24 ng/both hands respectively (Tukey–Kramer
Table 4
Concentrations of chlorpyrifos in samples from multiple media at children’s homes in a banana and plantain village in Talamanca, Costa Rica.
Medium LOD Village Detected/N Mean (SD)a GMa Max
Hand wash (ng/both hands) 1.0 Banana 6/6 33 (25) 26 67
Plantain 5/6 20 (20) 9 52
Foot wash (ng/both feet) 1.0 Banana 6/6 56 (36) 47 108
Plantain 5/6 31 (32) 13 89
Children’s mattress dust (mg/g) 0.05 Banana 2/10b 0.22 (0.01) 0.22 0.22
Plantain 6/10c 6.3 (14.0) 0.91 34.9
Indoor dust (mg/g) 0.05 Banana 3/12 0.53 (0.48) 0.33 1.2
Plantain 1/12 – – 0.10
Outside air (high volume) (ng/m3) 0.1 Banana 3/3 3.1 (1.2) 2.9 4.9
Outside air (passive sampler) (ng/m3) 0.1 Banana 2/2 8.3 (1.1) 8.2 9.3
–
Outdoor soil (ng/g dry weightps) 1.0 Banana 1/2 – – 5
Plantain 0/2 – – –
Drinking water (mg/L) 0.,01 Banana 0/5 – – –
Plantain 0/2 – – –
Surface water (mg/L) 0.,01 Banana 2/4d – – 0.02
Plantain 0/2 – –
a Mean, SD¼standard deviation and GM¼geometric mean were calculated for samples with detectable chlorpyrifos levels.
b For one child this sample could not be obtained as he did not sleep on a mattress.
c For one child this sample could not be obtained as the house did not have electricity.
d 2 out of 4 samples above the LOD, however, below the Limit of Quantiﬁcation (LOQ) of 0.02 mg/L and therefore Mean, SD, and GM could not be estimated.
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(Tukey–Kramer HSD p¼0.13). Children’s chlorpyrifos hand and
foot wash levels seemed somewhat higher in the banana village
than in the plantain village, but again differences were not
statistically signiﬁcant (Tukey–Kramer HSD p¼0.20 and p¼0.15
for hand and foot wash samples, respectively). Chlorpyrifos was
detected more frequently in children’s mattress dust in the
plantain village (60% of samples) as compared to the banana
village (20% of samples) (Chi-square, p¼0.06). Chlorpyrifos was
also detected in indoor dust in children’s houses in the banana
village (3/12), and the plantain village (1/12). In addition, chlor-
pyrifos was detected in soil from the banana village, whereas in
the plantain village it was not. None of the drinking water
samples of the banana and plantain village contained detectable
chlorpyrifos levels. However, 2 out of 4 surface water samples in
the banana village did. Both active and passive air samples
collected in the banana village showed measurable chlorpyrifos
concentrations.6. Discussion
The results of our study suggest the use of chlorpyrifos-treated
bags in banana plantations and plantain farms results in environ-
mental exposure in children. Children from the banana and
plantain villages had statistically signiﬁcant higher urinary TCPy
concentrations than children from the organic village. The expo-
sure to chlorpyrifos was conﬁrmed by detected levels in environ-
mental samples as well as hand/foot wash samples. For some of
the children, their estimated daily intake exceeded the chronic
RfD established by US EPA. For more than half of the children
their estimated intake was above the cPAD, and for some children
their intake was above the aPAD.
Due to economic and logistic constraints, environmental
samples were few and only performed in the banana and plantain
village, allowing only loose comparisons between sex, villages
and with other studies. Another limitation of our study is that we
did not measure TCPy in environmental samples, as chlorpyrifos
can degrade in the environment into several metabolites includ-
ing TCPy (Morgan et al., 2005, 2011).
In addition, for indoor dust sampling, the wiped surface
areas were small, resulting in few samples above LOD (16%).Nonetheless, the results indicate environmental contamination to
chlorpyrifos; i.e. almost all of the hand and foot wash samples
contained detectable chlorpyrifos levels. Assuming an average
surface of 400 cm2 for both hands (US EPA, 2009), GMs of hand-
wash samples of our children from banana villages seemed to be
higher than levels reported by Morgan et al. (2005, 2011) for
children from homes and US day care centers where chlorpyrifos
was sprayed. The chlorpyrifos concentrations measured in out-
door air were about a ten-fold higher as the concentrations
measured outdoors by Morgan et al. (2005, 2008) and comparable
with the indoor air samples measured by the same authors.
Overall, our results suggest that the general living environ-
ment of children from the banana village is contaminated with
chlorpyrifos, detected in air, soil, surface water, mattress and
house dust samples, and in all the hand and foot wash samples.
When performing the ﬁeldwork of this study, we observed
children swimming in the banana canals. The general living
environment of children from the plantain villages seems to be
less contaminated, possibly because plantain plantations are
located at about 2 km distance from the village. Children from
the plantain villages seem to be mainly exposed to chlorpyrifos
when helping their parents at the farms. However, the results of
our hand and foot wash samples do not reﬂect these exposures,
since they were collected at the end of the day and children had
already showered or had not gone to the plantations on the
sampling day. Also, some mothers indicated that they stored bags
at home (Barraza et al., 2011), which might explain the relatively
high levels found in some mattress dust samples.
The GMs of TCPy urinary concentrations in children from the
banana and plantain village were comparable with levels mea-
sured in children from Nicaraguan small-scale farming families
after their fathers applied chlorpyrifos (Rodrı´guez et al., 2006,
2011). and several studies performed in the USA in agricultural
school-aged children (Alexander et al., 2006; Arcury et al., 2007;
Fenske et al., 2000) or the general population (Barr et al., 2005; Lu
et al., 2008; Morgan et al., 2005, 2011). Curwin et al. (2007)
reported somewhat higher TCPy levels, but this may be because
they used an immune-assay method to determine TCPy. Part of
the TCPy concentrations in urine from US-children can be
explained by residential use before its ban in 2001, and chor-
pyrifos and TCPy exposure through food (Lu et al., 2008; Eaton
et al., 2008; Morgan et al., 2011).
Fig. A1. (a)–(c) Distribution of children’s urinary TCPy concentrations by sex for a
banana (1a), plantain (1b) and organic (1c) village in Talamanca, Costa Rica; the
horizontal lines present the 25th, 50th, and 75th percentiles.
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seem to reﬂect mainly chlorpyrifos exposure from the treated
bags. First, the children’s TCPy urinary concentrations measured
in the organic village suggest only a low background exposure
from the ingestion of chlorpyrifos or TCPy-contaminated food.
The diet of the children of the three villages is similar and the
plantain consumed locally is not pesticide treated. During inter-
views, parents commented that they prefered organic plantains
because they were cheaper and tasted better than non-organic
plantains.
Second, children’s urinary TCPy concentrations varied most in
the plantain village, more ﬂuctuating chlorpyrifos exposures to
sometimes low and sometimes high levels in children from this
village. The ﬁnding that the boys from the plantain villages had
higher mean TCPy urinary concentrations than girls suggests that
boys had more contact with the chlorpyrifos-treated bags, possi-
bly because of helping more often at the plantations, or perform-
ing other tasks, than the girls. In contrast, children’s TCPy levels in
the banana village varied very little, indicating a continuous
exposure to relatively low levels of chlorpyrifos. The smaller
differences between children of the banana plantation village
are consistent with their type of exposure; they all live perma-
nently very nearby (15–80 m) the banana plantations, both girls
and boys, and may constantly receive exposure to low levels of
chlorpyrifos. This contrasts with the more ﬂuctuating exposure of
the children in the plantain village who do not live nearby the
ﬁeld but play and assist their parents on the farms after school
and in the weekends.
Although many uncertainties exists in the calculation of ADD,
such as variability of creatinine excretion (Fortin et al., 2008), and
the scarce database for determination of t½ and absorption rate
(Nolan et al., 1984), it still gives a rough estimate of the internal
chlorpyrifos dose in the children and is valuable when comparing
with established RfD. An additional uncertainty is whether
urinary TCPy concentrations reﬂected chlorpyrifos exposure only,
as chlorpyrifos can degrade to in the environment into several
metabolites including TCPy which is less toxic than chlorpyrifos
(Eaton et al., 2008; Morgan et al., 2005, 2011). Nevertheless, even
assuming only half of the TCPy concentrations reﬂected chlor-
pyrifos exposure and thus lowering the estimated ADD by a factor
two, the chronic RfD and aPAD were still exceeded for some
children from the plantain village and the cPAD was still exceeded
for most children from the banana (82%) and plantain (64%)
village.
As far as we know, this is the ﬁrst study that assesses
children’s exposure to chlorpyrifos-treated bags used at banana
plantations and plantain farms in the tropics. One of the strengths
of this study is its considerable size (n¼140). Also, we studied
three well deﬁned and contrasting populations and included all
children aged 6-9, in those populations. The participation rate
was good with very few actual refusals; non-participation was
related to parents not being available for interviewing since they
were not in the village at the time the study was performed. Only
few children forgot to bring their urine sample to school.
In this study, the children living in villages nearby banana
plantations and plantain farms had statistically signiﬁcant higher
urinary concentrations of TCPy, as compared to children living in
a village with almost exclusively organic production. Our results
suggest that children living nearby plantations with chlorpyrifos-
treated bags are exposed to chlorpyrifos levels that may affect
their health, as estimated daily intake exceeded US EPA chronic
RfD, aPAD and cPAD. Interventions to reduce chlorpyrifos expo-
sure, such as the substitution of the chlorpyrifos-treated bags
by agro-ecological pest control methods, are likely to improve
children’s health and environment in banana and plantain grow-
ing regions. Global regulatory and policy interventions related tochlorpyrifos have a potential to improve children’s health and
environment in tropical regions from where fruits are exported to
countries that are in the process of phasing out this chemical due
to national health concerns.
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